Introduction
Mycobacterium tuberculosis (MTB), the bacterium that causes one of the most debilitating diseases, tuberculosis (TB), owes its incredible success as a pathogen to its ability to invade, adapt, survive and proliferate in probably one of the harshest cellular environmentsinside host macrophages. The ability of MTB to arrest phagosome maturation is one of the key mechanisms for its intracellular survival and persistence. Copper is an essential micronutrient required for diverse biochemical processes in the cell and plays a significant role as a cofactor in various enzymatic reactions [1] . Copper, owing to its redox potential, is toxic to the cell at high concentrations and hence living organisms have developed various mechanisms to tightly regulate its intracellular concentrations [2] . During infection pro-inflammatory cytokines such as IFN-c induce the expression of copper permeases in macrophages leading to increased intracellular copper concentrations. This process initiates ROS-mediated antimicrobial activity as a defense response against bacterial infection [3] . Copper uptake protein 1 (Ctr1), a universal copper importer in the eukaryotic plasma membrane, plays a key role in this process [4] . Copper is an essential component of superoxide dismutase (SOD) which catalyzes the production of H 2 O 2 , a strong reactive Abbreviations ChIP, chromatin immunoprecipitation; EMSA, electrophoretic mobility shift assay; MTB, Mycobacterium tuberculosis; TB, tuberculosis; XRE, xenobiotic response element.
oxygen species, from superoxide in neutrophils and monocytes [5] .
Copper is toxic to bacteria, and intracellular MTB overcomes copper toxicity by various mechanisms. A transcriptome analysis identified a set of 30 copperresponsive genes in MTB [6] . The canonical copper resistance mechanism operates through the basic operon structure: a metallo-regulatory transcription repressor, a copper-binding protein that delivers the metal to the repressor, and a P-type ATPase [7] . One such operon, the copper-sensitive operon (cso) in MTB [8] is necessary for maintaining copper homeostasis and survival under various stress conditions [9] . Copper transport protein B (MctB, Rv1698) which is a mycobacterial outer membrane protein is shown to be involved in copper tolerance [10] . Deficiency of mctB gene was found to cause growth retardation of MTB in the lungs and lymph nodes of infected mice and guinea pigs [11] . MspA, the porin protein of Mycobacterium smegmatis, when expressed in MTB was found to increase copper uptake and arrested the growth of the bacterium [12] . Copper homeostasis inside the macrophages has been extensively reviewed by Darwin et al. [13, 14] . A proteomic analysis of a copper-resistant strain of M. smegmatis revealed 345 differentially expressed proteins, and copper-translocating P-type ATPase was one among them. Interestingly the decreased levels of catalase-peroxidase (KatG) in this strain indicates the co-evolution of copper and INH resistance in mycobacteria [15] . The above-mentioned observations indicate that there are many resistance mechanisms in MTB to counter intracellular copper stress, an arm of the host innate immune response, and facilitate its survival.
In a proteomic analysis carried out in our laboratory, a putative transcriptional regulatory protein, Rv0474, was found to be expressed at high levels during reactivation of MTB from dormancy [16] . In the present study, we attempted to characterize the protein in detail, and found that it is an autorepressor and a copper-responsive transcriptional regulator. In the absence of copper, Rv0474 represses its own expression; however, in the presence of elevated levels of copper, this autorepression is relieved. Under this condition, Rv0474 is recruited to the promoter of the gene encoding RNA polymerase b subunit (rpoB), where it acts as a repressor. This seems to be a novel mechanism employed by MTB to overcome intracellular copper toxicity. Interestingly functional homologues of Rv0474 are present only in pathogenic mycobacteria that can persist within the host whereas this mechanism seems to be nonfunctional in nonpathogenic mycobacteria and in pathogenic ones that cannot persist in the host. Therefore, we propose that gene regulation by copper-responsive transcriptional regulators such as Rv0474 could be one of the strategies adopted by MTB under stress to survive and persist inside macrophages.
Results
Rv0474 is annotated in the MTB database as a putative transcriptional regulatory protein. To investigate the physiological role of the protein, the ORF was amplified from the genomic DNA of MTB H37Rv, using specific primers (Table S1 ) and was cloned into pET-32a expression system; the 16 kDa recombinant protein was expressed in Escherichia coli ( Fig. S1A ) and purified by Ni-NTA affinity chromatography (Fig. S1B ). Polyclonal antibodies were generated against this protein in NZW rabbits, purified using affinity column chromatography, and specificity of the antibodies was confirmed by western blot (Fig  S1C,D) .
Rv0474 is an autorepressor
To examine the regulatory activity of Rv0474 on its own promoter in a mycobacterial background, we developed a series of GFP-based reporter constructs with mycobacterium-E. coli shuttle vector pFPV27 (Fig. 1A) . Rv0474 ORF along with its 250 bp upstream region was cloned as a transcriptional fusion with GFP into pFPV27 vector. The vector carrying hsp65 served as positive control, whereas the empty vector served as the negative control ( Fig. 2A) . As M. smegmatis contains MSMEG_0918, the homologue of Rv0474, we first generated a knockout strain of M. smegmatis deficient in this gene. Deletion of the gene was confirmed by PCR and western blot ( Fig. S2A-D) . GFP expression by way of green fluorescence confirmed that Rv0474 promoter is active in M. smegmatis (Fig. S2E-G) . Interestingly M. smegmatis carrying the promoter-Rv0474-GFP transcriptional fusion construct showed a significant (80%) reduction in fluorescence compared to the bacteria carrying the Promoter-GFP construct, indicating that Rv0474 protein represses the activity of Rv0474 promoter (Fig. 1B,C) .
For further validation of autorepression, we developed another construct in which Rv0474 promoter (Rv0474p) was cloned upstream of GFP. To the same construct, we introduced Rv0474 ORF under the hsp60 promoter (hsp60p, Fig. 1A ). Interestingly M. smegmatis with these constructs showed a 60% reduction in fluorescence when compared to that carrying the promoter-GFP alone controls (Fig. 1D) . These results clearly show that Rv0474 is capable of repressing the expression of its own gene.
To confirm the in vivo binding of Rv0474 to its own promoter, we immunoprecipitated cross-linked chromatin from actively growing MTB with antibodies generated against Rv0474. We were able to amplify Rv0474 promoter (Fig. 1E ), but not hsp65 promoter, from the immunoprecipitate, indicating that under normal in vivo conditions Rv0474 is recruited to its own promoter. Rv0474 is an auto-repressor. (A) Auto-regulation of Rv0474 expression was tested using GFP-containing pFPV27 vector-based reporter constructs. Construct I: promoterless vector. Construct II: vector carrying hsp65 promoter. Construct III: À1 to À250 region of Rv0474 was cloned upstream of GFP. Construct IV: Rv0474 ORF with its 250 bp upstream region was cloned as a transcriptional fusion upstream of GFP. Construct V: Rv0474 ORF under hsp60 promoter, in reverse orientation of GFP under À1 to À250 region of Rv0474 promoter. The constructs were transformed into M. smegmatis from which MSMEG_0918 (homologue of Rv0474) had been knocked out, and fluorescence was monitored after 48 h of growth. (B) Promoter activity is represented as RFU. M. smegmatis harboring Construct I served as the negative control whereas that with Construct II served as the positive control. RFU of M. smegmatis carrying Construct IV was compared with that of Construct III and values are represented as mean of three independent experiments AE standard deviation (Student's t-test). ***P ≤ 0.005. (C) RFU of recombinant M. smegmatis carrying Construct IV against that of the bacterium carrying Construct III is represented as percentage, and is the mean of three independent experiments AE standard deviation (Student's t-test). ***P ≤ 0.005. (D) RFU of recombinant M. smegmatis carrying Construct V against that of the bacterium carrying Construct III. The values are represented as percentage and are the mean of three independent experiments AE standard deviation (Student's t-test). **P ≤ 0.01. (E) ChIP assay to demonstrate in vivo binding of Rv0474 to its own promoter in planktonic bacteria grown under standard conditions. Sheared MTB DNA-protein complex was immunoprecipitated with antibodies against Rv0474, and the DNA in the immune complexes was analyzed by PCR employing primers for Rv0474 and hsp65 promoters.
Rv0474 binds to a 14 bp imperfect inverted repeat (IIR) in its own promoter
After demonstrating the in vivo binding of Rv0474 to its own promoter, we next tried to identify the binding sequence of the protein on the DNA. Electrophoretic mobility shift assay (EMSA) using 250 bp 32 P-labeled promoter of Rv0474 showed formation of DNAprotein complexes as a function of concentration of the protein (Fig. 2A) . Specificity of binding was proven by competitive and noncompetitive EMSA. In competitive MSA, labeled DNA in the complex was replaced by unlabeled DNA of the same sequence (100-fold excess), making the majority of the DNA in the complex nonradioactive and hence invisible during imaging. In contrast, binding was not affected even at 100-fold excess of nonspecific promoter (of an irrelevant MTB gene Rv3765c that codes for TcrX protein) DNA (Fig. 2B) . The dissociation constant (K d ) of the interaction was estimated to be 236 nM which indicated a strong affinity toward its own promoter. To À101 to À250 fragment upstream of Rv0474, lanes 3-4: À1 to À100 fragment, lanes 5-6: À51 to À100 fragment, lanes 7-8: À1 to À50 fragment. (D) Reporter assay using pFPV27 vector to confirm that the cognate-binding sequence of Rv0474 is in the À51 to À100 region within the promoter. Rv0474 ORF with the 50 bp upstream sequence was cloned as a transcriptional fusion ahead of GFP. (E) Promoter activity is represented as RFU. The values represent the mean of three independent experiments AE standard deviation (Student's t-test). ***P ≤ 0.005. identify the exact binding sequence, we shortened the 250 bp promoter into smaller fragments, and carried out EMSA separately with each of them, which revealed that the Rv0474-binding sequence lies within the À51 to À100 region (Fig. 2C) . Binding was further validated using a pFPV-GFP vector reporter system in which we inserted the ORF of Rv0474 along with the 50 bp upstream sequence (containing both transcriptional and translational initiation site [17] , but lacking Rv0474-binding sequence) (Fig. 2D) . The assay did not show any reduction in GFP expression in comparison to pFPV27-GFP vector which contains 250 bp promoter along with ORF (Fig. 2E ). Several MTB regulators are known to bind to pseudopalindromes or inverted repeats in promoter sequences [18, 19] . Furthermore, in silico analysis of the upstream À51 to À100 bp sequence of the Rv0474 ORF revealed the presence of a 14 bp IIR (Fig. 2F) . EMSA employing this labeled 14 bp sequence indicated that Rv0474 is able to bind to this IIR sequence (Fig. 2G) . Binding was further validated by competitive and noncompetitive EMSA (Fig. 2H) , and the affinity to the sequence was found to be strong with a K d value of 250 nM. EMSA with 250 bp promoter sequence lacking the 14 bp cognatebinding sequence (therefore actual length is 236 bp) failed to form DNA-protein complexes with Rv0474 ( Fig. 2I) , confirming the requirement of the 14 bp sequence for binding.
Promoter-binding of Rv0474 is abrogated in the presence of copper
Sequence analysis identified Rv0474 as a member of the xenobiotic response element (XRE) super class family of proteins (Fig. S3) . XRE class proteins bind to various metal ions [20] , and it has been shown that intracellular metal ion concentrations are maintained by regulators that act as metal ion sensors [21] . We analyzed the effect of various metals on the binding of Rv0474 to its own promoter. Interestingly, in the presence of 1 lM concentration of CuSO 4 (Cu 2+ ), the binding of Rv0474 to its own promoter was completely abrogated, while none of the other metals tested had any effect on binding (Fig. 3A) .
Rv0474 binds specifically to copper in vitro
In order to further investigate the binding thermodynamics of Rv0474 with metal ions, isothermal titration calorimetric (ITC) analysis was performed, using recombinant Rv0474 in the presence of metals Zn and Cu. Rv0474 (10 lM) was titrated against various concentrations of the metals, and 1 mM copper showed significant binding (Fig. 3B) while there was no binding with zinc (Zn 2+ ) (Fig. 3C) , indicating the specificity of binding of Rv0474 to copper. Surprisingly, we observed an unusually high molar ratio in the binding isotherm (Fig. 3B) . A similar high molar ratio was observed in an ITC study with Streptococcus suis Dps (DNA-binding protein under starved cells) like peroxide resistance protein (SsDpr), which functions as a nanocontainer to relieve the metal toxicity of six different metals with concentrations ranging from 4 mM (Cu 2+ , Zn 2+ , Co 2+ ) to 8 mM (Mn 2+ ) [22] . The large heat change upon Rv0474-Cu binding is presumed to be due to formation of higher oligomeric forms to protect the cell from copper toxicity. To validate the above assumption, we incubated Rv0474 (10 lM) with 1 mM copper and carried out a kinetic analysis. Samples were analyzed by SDS/ PAGE under nonreducing conditions (without DTT and without boiling). Formation of oligomers was observed only in the case of Rv0474 treated with copper and not in case of untreated protein (Fig. S4A,B) . To validate this observation, we performed size exclusion chromatography with the purified Rv0474 incubated with and without copper. We collected 200 fractions from the column and measured their absorbance at 280 nm. In the absence of copper, we were able to identify two peaks (fractions 101-105 and 132-136) (Fig. S4C) . The fractions were analyzed on SDS/PAGE; fraction 104 showed a band of 32 kDa whereas fraction 134 showed a band of 16 kDa (Fig. S4D) . Interestingly, in the presence of copper, these two peaks disappeared and another peak appeared in fractions [36] [37] [38] [39] [40] (Fig. S4E) . Analysis on SDS/PAGE revealed that fractions 36-40 contained multimers of Rv0474 (Fig. S4F) . Thus, these observations suggest that the binding isotherm obtained from ITC experiments could be due to the formation of higher-order multimers.
Copper at high concentrations abolishes binding of Rv0474 to its own promoter Employing radioactive EMSA, we observed that copper abrogates binding of Rv0474 to its own promoter at 500 nM and higher concentrations whereas at lower concentrations (250 nM and less) binding was not affected (Fig. 3D) . The effect of metal ions on secondary structure of Rv0474 was subsequently studied using CD spectroscopy. The effect on the secondary structure was most significant at 500 nM and 1 lM of copper. The helicity of Rv0474 increased as a function of the concentration of copper (Fig. 3E) ; however, this change was not observed in the presence of zinc (Zn 2+ ) (Fig. S5A ). Fluorescence spectrometric analysis was employed to confirm the affinity of Rv0474 toward copper. After exciting tyrosine residues of Rv0474 at 270 nm, the emission spectra were collected at a range of 300-400 nm. We observed a significant reduction in fluorescence intensity of Rv0474 with increasing concentration of copper from 100 nM to 1 lM (Fig. S5B ). These observations correlated well with the data obtained from EMSA and CD spectroscopy. Dissociation constant (K d ) was found to be 0.45 lM. Estimated K d matched with the concentrations at which we observed an overall increase in helicity of Rv0474, and at which its ability to bind to its own promoter was lost.
Copper binds to Rv0474 coordinately with His 34 , His 122 and Cys 131
Rv0474 is a protein with 140 amino acids and has a molecular weight of 16 kDa. In an attempt to understand the role of various amino acids in the protein to bind to copper, the sequence was submitted to METALDETECTOR v2.06, a tool for identifying metal-binding domains of proteins [23] . The software predicted His (34, 122) and Cys (131) to be responsible for binding of Rv0474 to copper (Fig. S6A ). In silico analysis had earlier predicted Rv0474 to be a type I copper-binding protein in which copper binds to two His and one Cys residues [24] [25] [26] .
To verify these predictions, we created mutant forms of Rv0474 (single and triple mutants) employing site directed mutagenesis in which all the three amino acids predicted to be involved in Cu 2+ binding were mutated to alanine. CD measurements were performed with the purified wild type and mutant proteins, and we found that there is no structural change in the mutant proteins ( Fig. S6B and S8A-C). Subsequently, we carried out ITC and CD analyses to verify the binding of copper with the mutant proteins. Interestingly ITC results showed that all the mutants (single and triple) failed to bind to copper (Figs 3F and S7A-C). This observation was substantiated by CD results which showed no alterations in the secondary structure of the mutant proteins in the presence of copper (Figs S6B and S8A-C). Next, to understand the spatial distribution of the three amino acids in the context of the three-dimensional structure of Rv0474, we carried out an in silico modeling of the protein using Iterative Threading Assessment Server9 and ab initio modeling online tools which clearly suggested that all the three copper-binding amino acids are close in space within minimal distance ( Fig. S9A-C ).
Rv0474 levels go up in planktonic MTB with increasing concentrations of copper
Next, we tested the effect of copper on MTB grown in liquid culture (under standard conditions) to validate our biochemical observations. Western blot was performed to check the expression status of Rv0474 in planktonic bacteria in response to copper. Interestingly, Rv0474 showed maximal expression in MTB treated with 10 lM copper, while this protein was absent in the copper-free control (Fig. 4A) . qPCR analysis showed a threefold upregulation of Rv0474 when MTB was treated with 10 lM of copper (Fig. 4B ). These observations strongly suggested autorepression of Rv0474 in bacteria grown under copper-free conditions, whereas in response to high concentrations of copper, it is transcriptionally active. Consistent with these results, we observed a fourfold increase in GFP expression in the presence of 10 lM copper in the bacterium harboring the construct containing the promoter and the ORF of Rv0474 (Fig. S10A) .
To substantiate the effect of copper on in vivo binding of Rv0474 to its own promoter, we carried out a ChIP PCR. After treating MTB cells with 10 lM copper, bacterial chromatin was cross-linked and sheared into fragments of about 500 bp, and immunoprecipitated with Rv0474 antibodies. There was no amplification of the Rv0474 promoter when the immunoprecipitated DNA was used as the template for PCR, suggesting that binding of copper to Rv0474 completely abolished its ability to bind to its own promoter (Fig. 4C) . Next, we treated MTB culture with 10 lM copper and 10 lM bathocuproine disulfonic acid (BCDSA), a copper chelator, and the bacterial chromatin was immunoprecipitated with Rv0474 antibodies. PCR was carried out with this DNA as described before and we were able to amplify Rv0474 promoter (Fig. 4C ). This phenomenon was reflected at the protein level too, marked by much lower levels of Rv0474 in MTB culture treated with 10 lM copper and 10 lM BCDSA, compared to the culture treated with copper alone (Fig. 4D) . These aforementioned observations clearly suggest that copper negatively impacts the binding of Rv0474 to its own promoter which leads to the reversal of repression, and subsequent enhancement of expression of Rv0474.
Rv0474 is highly expressed at sublethal concentrations of copper, and higher concentrations of copper induce death of MTB To explore the impact of copper toxicity on the growth of MTB, we carried out a plate count assay after treating MTB cultures with increasing concentrations (5, 10, 50, 100, 250, and 500 lM) of copper. MTB undergoes growth arrest at 10-250 lM of copper; however, at and above 500 lM it induces death. Interestingly, in the presence of 5 lM copper, the bacterial growth was similar to that of the control (Fig. S10B) . A similar observation was made by Ward et al. [6] . At permissive concentration (10-250 lM) of copper, high levels of Rv0474 were found in the bacterium (Fig. 4E) , suggesting its role as a copper-responsive transcriptional regulator. CsoR and RicR, two prominent repressors of copper response operons in MTB [27, 28] are significantly upregulated at 250 lM concentration of copper (Fig. S13 ).
Rv0474 levels are high in intracellular MTB
To study the expression of Rv0474 in MTB internalized by macrophages, a western blot was performed with proteins in the lysates of infected macrophages harvested at 0, 24, 36, and 48 h after infection. Rv0474 protein was not detectable at 0 h, whereas high levels of Rv0474 were observed at 24 and 48 h postinfection (Fig. 4F ).
Rv0474 binds to rpoB promoter and copper increases the affinity
Employing ChIP seq analysis, Minch et al. [29] have shown that Rv0474 binds to rpoB (Rv0667) promoter on a 100 bp sequence upstream of the transcription initiation site. To confirm the binding of Rv0474 to rpoB promoter, we carried out an EMSA with 32 Plabeled rpoB promoter (100 bp) and purified recombinant protein (50 nM-1.5 lM). Binding occurred only at high concentrations of the protein (1 and 1.5 lM) (Fig. 5A ) when compared to its binding to its own promoter. Binding was further validated by competitive and noncompetitive EMSA (Fig. 5B) .
To study the in vivo binding of Rv0474 to rpoB promoter, we performed a ChIP PCR of the chromatin isolated from actively growing MTB in liquid medium under standard conditions. Cross-linked chromatin was sheared and immunoprecipitated with Rv0474 antibodies, and a PCR was performed for the 100 bp upstream region (À1 to À100) of the rpoB promoter containing the binding site of Rv0474. However, no amplification of the rpoB promoter was observed (Fig. 5C ). This was expected because Rv0474 is not transcribed under normal conditions. However, when MTB was treated with 10 lM copper, and the experiment was repeated, a significant amplification of rpoB promoter was observed (Fig. 5C ), suggesting that copper-bound Rv0474 is recruited to the rpoB promoter. Additionally, an EMSA in the presence of copper (1 lM) showed a fivefold increase in affinity toward rpoB promoter (Fig. 5D) , further proving that copper- bound Rv0474 has increased affinity toward rpoB promoter.
Cognate-binding site of Rv0474 on rpoB promoter is a 16 bp sequence containing a 10 bp perfect inverted repeat
To map the precise binding region of Rv0474 on the rpoB promoter, we fragmented the À1 to À100 bp upstream region into two halves and carried out an EMSA with 32 P-labeled fragments and the protein.
Complex formation was observed only with the À51 to À100 fragment (Fig. 5E ), in which we identified a 10 bp perfect inverted repeat (IR) (Fig. 5F ). However, when radioactive EMSA using only the 10 bp IR sequence and the protein was carried out, they failed to form a DNA-protein complex. Interestingly when three flanking nucleotides on either side of the IR sequence were included (a total of 16 bp), the complex was formed (Fig. 5G) . Binding was validated by competitive and noncompetitive EMSA (Fig. 5H) . EMSA with mutant promoter lacking the 16 bp cognatebinding sequence failed to form DNA-protein complex with Rv0474 (Fig. 5I) .
Rv0474 has two DNA-binding domains
Comparison of nucleotide sequences indicated that there is no homology between the binding sequences of Rv0474 in its own promoter and in the rpoB promoter (Fig. 6A) . Therefore, we conjectured that the protein may possess different domains to bind to these two diverse DNA sequences. To investigate this hypothesis, we performed a domain search on the protein using an online tool (Prosite) which revealed two DNA-binding domains in Rv0474 (Fig. S11A) -a helix-turn-helix motif (residues 37-56) and a leucine zipper domain (residues 66-87) (Fig. 6B) . To test whether these two domains are used by Rv0474 to bind to Rv0474 and rpoB promoters, we generated two versions of Rv0474 lacking either of the domains and purified them employing Ni-NTA affinity chromatography (Fig. S11B,C) .
Radioactive EMSA using 100 bp 32 P-labeled fragments of both the promoters revealed that Rv0474 deficient in its helix-turn-helix motif (DH-T-H) failed to bind its own promoter, whereas its binding to rpoB promoter was not impaired (Fig. 6C) , suggesting that the H-T-H domain is essential to bind to its own promoter. On the other hand, the mutant lacking the leucine zipper domain (DLZ) failed to bind to the rpoB promoter while it bound strongly to its own promoter (Fig. 6D) . Results were reproducible when EMSA was performed with the 14 and 16 bp cognate-binding sequences of Rv0474 and rpoB promoters, respectively (Fig. S11D,E) .
Rv0474 negatively regulates rpoB expression
To investigate the regulatory effect of Rv0474 on the expression of rpoB, we made a GFP reporter construct in pFPV27 vector and analyzed the expression of GFP under rpoB promoter in M. smegmatis devoid of its homolog MSMEG_0918, in the presence of Rv0474 protein. In this construct, rpoB promoter was cloned upstream of GFP, and to the same construct we introduced Rv0474 ORF under hsp60 promoter (Fig. 7A) . rpoB promoter activity in transformed M. smegmatis was confirmed by microscopy which revealed GFP expressing bacteria (Fig. S12A-C) . When relative fluorescence was measured, we did not observe any significant change in rpoB expression in M. smegmatis when compared to M. smegmatis carrying rpoB promoter-Rv0474 ORF-GFP construct (Fig. 7B) . However, in the presence of 10 lM copper, significant reduction (50%) in rpoB promoter activity was observed in M. smegmatis carrying these constructs (Fig. 7C) .
A similar observation was made in MTB harboring constitutively expressing Rv0474 under hsp60 promoter in pBEN vector. As observed in the reporter assays, in the presence of 10 and 50 lM copper, MTB constitutively expressing Rv0474 showed a reduction (45%) in rpoB expression, which was not observed in untreated MTB (Fig. 7D) . We analyzed rpoB gene expression at sublethal concentrations (10, 100 and 250 lM) of copper, and a significant reduction (50%) in rpoB expression was evident when compared to untreated control (Fig. 7E ). This clearly suggests that copper-bound Rv0474 is recruited onto rpoB promoter and negatively regulates rpoB expression.
Copper sensor-mediated gene regulation under copper toxicity is a common feature of pathogenic Mycobacteria
Our study showed that the permissive concentration of copper for MTB is 250 lM while that of M. smegmatis was estimated to be 50 lM [30] , and this species has a low tolerance to copper. A homologue of Rv0474 is present in M. smegmatis (MSMEG_0918). Bioinformatic analysis showed that protein sequences of Rv0474 and Msmeg_0918 share 74% identity. Surprisingly, copper-binding amino acids His (34, 122) and Cys (131) were replaced by Gln and Glu, respectively, in MSMEG_0918 (Fig. 8A) . Moreover, we observed that the same 14 bp cognate-binding sequence of Rv0474 on its own promoter is conserved in MSMEG_0918 promoter too (Fig. S12D) . On the other hand, the 16 bp-binding sequence on rpoB promoter is not conserved in M. smegmatis (Fig. S12E) . Copper is essential for transcriptional activation of Rv0474, and MSMEG_0918 lacks the three amino acids essential for binding to copper. Therefore, we hypothesized that the inability of M. smegmatis to counter copper toxicity was due to the absence of copper-binding amino acids, and also due to the absence of the binding sequence on the rpoB promoter. To prove this hypothesis, MSMEG_0918 was cloned into pET-32a, expressed in E. coli and the recombinant protein was purified by Ni-NTA affinity chromatography (Fig. S12F) . Radioactive EMSA using 100 bp MSMEG_0918 promoter proved MSMEG_0918 binds to its own promoter (Fig. S12G) . On the other hand, MSMEG_0918 protein failed to bind rpoB promoter (Fig. S12H) . Binding studies employing ITC revealed that MSMEG_0918 does not bind to copper (Fig. 8B) . To confirm the in vivo binding of MSMEG_0918 to its own promoter, we immunoprecipitated cross-linked chromatin of M. smegmatis grown in liquid medium with and without 50 lM copper using antibodies generated against Rv0474. We were able to amplify MSMEG_0918 promoter (100 bp) from both the samples, but not rpoB promoter (100 bp), from the immunoprecipitate indicating that under normal in vivo condition, even in the presence of copper MSMEG_0918 is bound to its own promoter (Fig. 8C) . Thus, under conditions of copper toxicity, Cu 2+ does not bind to MSMEG_0918 and the protein stays bound to the promoter of MSMEG_0918 leading to the transcriptional repression of the gene (Fig. 8D) . A similar observation is made in Mycobacterium abscessus which causes TB-like disease in humans [31, 32] . This species has an Rv0474 homologue, SHW81754.1, however, His (34 and 122) and Cys (131) in the protein are replaced by Gln (34 and 122) and Leu (131), respectively (Fig. 8E) . Interestingly homologues of Rv0474 are found in some other nonpathogenic mycobacteria such as Mycobacterium fortuitum, Mycobacterium parafortuitum, Mycobacterium chelonae, Mycobacterium vaccae and, Mycobacterium mucogenicum also. Similar amino acid substitutions as those observed in M. smegmatis were found to be conserved in these species (Fig. S16) .
We analyzed the homology of Rv0474 sequence across MTB complex organisms which are pathogenic and show similar pathogenesis and persistence in humans [33] . Its homologs are present in Mycobacterium canettii, Mycobacterium bovis, and Mycobacterium africanum, with 100% similarity whereas in Mycobacterium microti the difference between the proteins is only in one amino acid (IIe 99 is replaced by Val). As in MTB, amino acids involved in copper binding, binding sites in the promoter of rpoB and its own promoter were found to be conserved in all these species (Fig. 9A-C) . In Mycobacterium leprae, however, the homologue is found to be a pseudogene in which Ala (72) is mutated to a stop codon. 
Discussion
Here we describe the functional characterization of a hypothetical protein namely Rv0474, a putative, highly expressed transcriptional regulatory protein detected in our previous proteomic analysis of dormant and re-activated MTB [16] . We showed that this protein is an auto-repressor and functions as a copper-responsive transcriptional regulator. When MTB was exposed to high levels of copper, we found that Rv0474 suppressed rpoB, driving MTB to a state of growth arrest. Further studies suggested that the mechanism of Rv0474-mediated rpoB regulation might be operational only in pathogenic mycobacteria that can persist in the human body, and not in nonpathogenic or pathogenic mycobacteria which cannot persist inside the host.
Our in vitro studies revealed that copper (Cu 2+ ) abrogates binding of Rv0474 protein to its own promoter. As Rv0474 belongs to the XRE class of regulatory proteins that bind metals [20] , employing isothermal titration calorimetry we carried out metalbinding studies which revealed that Rv0474 binds to copper with high affinity. Copper binding resulted in an increase in helicity of Rv0474 as indicated by CD spectroscopic and spectro-fluorimetric analyses. The change in secondary structure in the presence of copper resulted in the loss of its ability to bind to its own promoter. Employing in silico and mutation studies we showed that His 34 , His 122 and Cys 131 residues are involved in binding of copper to the protein, and the three amino acids are aligned in such a manner so as to allow co-ordinate binding of copper. Binding of copper to Rv0474 resulted in a structural change in the protein which ultimately resulted in its inability to bind to DNA.
In MTB grown in the presence of 10 lM copper, we observed an over-expression of Rv0474 which resulted from the reversal of repression caused by the inability of the copper-bound protein to bind to its own promoter. However, when copper was chelated by treatment with BCDSA the promoter-binding ability of the protein was restored and transcription of the gene was repressed. Elevated concentrations of copper (10-250 lM) induced growth arrest and concentrations above 500 lM resulted in the death of MTB. The fact that the levels of Rv0474 were significantly high at concentrations that arrested the growth of MTB suggests that Rv0474 is a copper-responsive transcriptional regulator.
An earlier ChIP-seq analysis by Minch et al. [29] had shown that Rv0474 binds to Rv0667 (rpoB) promoter in MTB. Here we showed that Rv0474 indeed binds to rpoB promoter and is a negative regulator of its expression. However, in the presence of copper, the affinity of Rv0474 to rpoB promoter increased significantly. Interestingly we did not observe any sequence homology between rpoB and Rv0474 cognate sequences and this suggested that Rv0474 protein may have the ability to bind to two different DNA sequences. Subsequently we showed that Rv0474 has two DNA-binding domains -a helix-turn-helix motif (residues 37-56) and a leucine zipper domain (residues 66-87). By generating deletion mutants of the proteins we demonstrated that helix-turn-helix domain is essential to bind to its own (Rv0474) promoter whereas the leucine zipper domain is required to bind to the rpoB promoter. Growth arrest has been shown in MTB because of downregulation of rpoB [34, 35] . Under conditions of copper toxicity Rv0474-mediated transcriptional repression of rpoB seems to be a novel survival mechanism employed by MTB.
Macrophages induce heavy metal toxicity as a defense mechanism to eliminate intracellular mycobacteria [11, 13] . Copper accumulation is observed inside macrophages in response to mycobacterium infection as a part of host innate immunity [36] . Even inside the granuloma copper is utilized by the immune system to contain MTB infection [11] . Several mechanisms have been proposed by which intracellular MTB is killed by copper. Under aerobic conditions, copper reacts with hydrogen peroxide (H 2 O 2 ) to create hydroxyl radical (•OH) and hydroxyl anion (OHÀ). These molecules can react irreversibly with macromolecules including proteins, lipids and nucleic acids potentially leading to cell death. Other mechanisms include production of reactive nitrogen and oxygen species, displacement of metal co-factors from enzymes, et cetera [14] .
Mycobacterium smegmatis is a fast-growing species of mycobacteria and copper is toxic to it above 50 lM [30] , one-fifth of the concentration that is toxic to MTB. Intrigued by this difference in toxicity levels between these two species of mycobacteria, we carried out a bioinformatic analysis and found that a homologue (MSMEG_0918) of Rv0474 is present in M. smegmatis, and these two proteins share 74% similarity. Moreover, the 14 bp cognate-binding sequence of Rv0474 is conserved in the MSMEG_0918 promoter. Interestingly, it was found that the amino acids in Rv0474 required for copper binding -His (34, 122) and Cys (131) -were replaced by Gln (34, 122) and Glu (131) in MSMEG_0918 protein suggesting that the coordinate binding of copper cannot take place in this M. smegmatis protein. Indeed ITC experiments showed that copper does not bind to MSMEG_0918, confirming this proposition. Furthermore, we found that the 16 bp Rv0474-binding sequence in MTB rpoB promoter is not conserved in the same of M. smegmatis. As copper is essential for transcriptional activation of Rv0474, and since MSMEG_0918 lacks all the three amino acids required for binding of copper, and since the Rv0474-binding sequence is absent in the rpoB promoter of M. smegmatis, we presume that this mechanism of gene regulation by copper does not operate in M. smegmatis. This presumption was supported by ChIP PCR which clearly showed that MSMEG_0918 protein indeed binds to its own promoter when the bacterium was grown in the presence and absence of copper. However, we were unable to amplify the rpoB promoter when we carried out a ChIP PCR with M. smegmatis grown either in the presence or absence of copper suggesting that MSMEG_0918 protein is unable to bind to rpoB promoter. Therefore, contrary to what happens in MTB, under high concentrations of copper MSMEG_0918 might remain transcriptionally repressed, leading to cell death due to mechanisms not yet understood. A similar observation is made in M. abscessus which causes TB-like disease in humans. This organism has an Rv0474 homologue SHW81754.1, and as in the case of MSMEG_0918 protein, amino acids 34 and 122 are Gln and 131 is Leu. In M. leprae, the mycobacterium that causes leprosy in humans, the homologue of Rv0474 (ML2455c) is annotated as a pseudogene, and Ala 72 (GCG) in the protein is substituted with a stop codon (UGA). It is interesting that M. leprae and M. abscesses are unable to persist [31, 32] in infected hosts.
A subsequent search for homologues of Rv0474 in other pathogenic species of Mycobacterium revealed that the gene is present in M. bovis, M. africanum, M. canettii and M. microti, with high degree of homology. Interestingly the three copper-binding amino acids are found to be conserved in all these pathogenic species which have the capacity to persist in the human body. In addition, binding sequences of Rv0474 are conserved in the promoters of Rv0474 and rpoB in these pathogens. Interestingly, the homologues of Rv0474 present in nonpathogenic M. fortuitum, M. parafortuitum, M. chelonae, M. vaccae and M. mucogenicum carry the same substitution of amino acids as in M. smegmatis that are involved in copper binding. Therefore, based on these facts and our own observations, we hypothesize that copper-induced regulation of rpoB by Rv0474 or its homologues could be one of the strategies employed by MTB and other virulent mycobacteria of MTB complex to survive and persist in the host. As the functional homologues of Rv0474 are present only in pathogenic mycobacteria that cause TB or TB-like diseases, we propose that this protein offers to be an excellent target for rational drug designing as a means to control these diseases.
Materials and methods

Bacterial strains, growth conditions and plasmids
For cloning and expression of Rv0474, E. coli strains JM109 (Promega, Madison, WI, USA) and BL21 (DE3) pLysS, (Novagen, Madison, WI, USA) were used. All E. coli strains were grown in Luria Bertani (LB) broth or on LB agar (HiMedia, Mumbai, India) at 37°C. For culturing MTB H37Rv Middlebrook 7H9 (BD DifcoTM) medium supplemented with 10% albumin-dextrose-catalase (ADC) was used. All steps involving handling of MTB were carried out in a biosafety level three (BSL3) facility. For checking the effect of copper on MTB, mid-log phase MTB culture grown in Middlebrook 7H9 supplemented with 10% albumin-dextrose-catalase (ADC) was used. After treating with varying concentrations of copper, MTB cultures were incubated for 24, 48 and 72 h in an orbitary shaker at 130 r.p.m. at 37°C. Plate count assay was performed by plating the bacteria on Middlebrook 7H10 agar medium supplemented with 0.5% glycerol, 0.05% Tween 80 and 10% oleate-albumin-dextrose-catalase supplement (Becton Dickinson, Franklin Lakes, NJ, and USA). pET-32a vector (Novagen) was used for protein over-expression in E. coli and pFPV27 vector (kind gift from Prof. Lalitha Ramakrishnan, Department of Microbiology, University of Washington, Seattle, WA, USA) was used for promoter analysis in M. smegmatis. For generating knockout in M. smegmatis pYUB854 [17] (kind gift from Prof William Jacobs, Albert Einstein College of Medicine, New York, USA) and pJV53 [18] (Addgene) were used. pBEN vector system (kind gift from Prof. Lalitha Ramakrishnan, Department of Microbiology, University of Washington, Seattle, WA, USA) was used for over-expression studies in MTB. All chemicals were purchased from Sigma-Aldrich, St.Louis, MO, USA or USB, Cleveland, OH, USA. Taq DNA polymerase, primers and oligos were procured from Sigma-Aldrich. Restriction enzymes were purchased from New England Biolabs, Ipswich, MA, USA. DNA sequencing was performed in Applied Biosystems 3500xl Genetic Analyzer using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA).
Cloning and expression of Rv0474 in E. coli and purification of the recombinant protein Rv0474 ORF was amplified from MTB H37Rv genomic DNA using specific primers and cloned into pET-32a vector, and the construct was transformed into E. coli BL21 (DE3) pLysS cells. The transformants were grown at 37°C till mid-log phase, induced with 1 mM IPTG (isopropyl b-D-1-thiogalactopyranoside) and incubated at 28°C for 8 h. The purified protein was dialyzed against 50 mM sodium phosphate (pH 8.0) and 300 mM NaCl, and concentrated using a centrifugal concentrator (Millipore, Billerica, MA, USA) and stored in 20% glycerol at À20°C for further assays.
Antibody preparation
Purified Rv0474 was used to immunize New Zealand White rabbits to raise polyclonal antibodies. All the guidelines of the Institute Animal Ethics Committee, Rajiv Gandhi Centre for Biotechnology, were followed for animal handling. Immunization, serum collection, antibody purification and western blot against MTB cell-free extract were carried out as described by Gopinath et al. [16] . In brief, approximately 250 lg of purified protein was emulsified with TitreMax Gold adjuvant (Sigma-Aldrich) and was injected subcutaneouly into two rabbits. Four weeks later, booster dose was given and antisera were collected. The antibodies were purified using AminoLink coupling Resin (Thermo Scientific, Waltham, MA, USA) as per the manufacturer's guidelines.
Electrophoretic mobility shift assay (EMSA)
All the EMSA reactions were carried out in a 20 lL reaction mixture containing labeled DNA (1 nM), and different concentrations of purified protein. 1X EMSA buffer used for the reaction contained 50 mM sodium phosphate (pH 8.0), 300 mM NaCl, 10% glycerol and 1 mM dithiothreitol. To study the effect of metal ions on DNA binding to Rv0474 protein, 1 lM metal salt (CdCl 2 , MgSO 4 , CuSO 4 , HgCl 2 , CaCl 2 , KCl, or ZnSO 4 ) was added to the EMSA mix. DNA template used for EMSA reactions was prepared either by annealing complementary oligos or by PCR (Table S1 ). All templates were labeled using 32 P-cATP.
Binding reactions were carried out for 30 min at 25°C. The reaction mix was then loaded on a polyacrylamide gel and electrophoresis was carried out at 150 V at 4°C. The gel was dried and exposed to Phosphor Imager (Bio-Rad, Hercules, CA, USA) for detection. Dissociation constant (K d ) was calculated according to Heffler and Walters [37] .
Reporter constructs and spectrofluorimetry
Reporter constructs were made following the protocol by Gomez et al. [38] . For studying Rv0474 promoter activity, a 250 bp DNA fragment upstream from its start site was amplified from MTB H37Rv genomic DNA, and cloned into pFPV27, after digesting it with restriction enzymes ApaI and EcoRI, upstream of GFP. In vivo promoter activity was studied by measuring fluorescence of GFP in recombinant M. smegmatis. To study autoregulation, a similar construct was made, where the promoter region along with the ORF was cloned into pFPV27 as a transcriptional fusion.
To study the effect of Rv0474 protein in the regulation of its target genes, a reporter construct was made using pFPV27 vector. Rv0474 ORF was first cloned in pBEN vector, downstream of constitutive promoter hsp60 after digesting it with HindIII and BamHI restriction enzymes. The hsp60-Rv0474 region was PCR amplified and cloned into pFPV27 in reverse orientation with respect to GFP to avoid any read-through effect of hsp60 on GFP expression. Gene coding for transcription terminator T4 g32 was cloned downstream of Rv0474. The target promoter and the promoter of Rv0474 were cloned upstream of GFP into ApaI site of the modified pFPV27 in the same orientation as GFP. Constructs were transformed into M. smegmatis and the transformants were selected on LB agar containing kanamycin (50 lgÁmL À1 ).
The recombinant M. smegmatis was grown in LB medium containing kanamycin (50 lgÁmL À1 ) and the fluorescence was measured after 48 h. Absorbance was measured at 600 nm and fluorescence was measured at the emission maxima of 520 nm using an excitation of 488 nm, in a microplate reader (Tecan, Mannedorf, Switzerland). Relative fluorescence units (RFU) were calculated by dividing fluorescence units by OD600 values. M. smegmatis harboring empty pFPV27 vector was used as control. All measurements were corrected for background fluorescence. The experiments were carried out in triplicates.
RNA isolation, cDNA synthesis and quantitative PCR RNA isolation from MTB was performed following Gopinath et al. [16] using Trizol (Sigma-Aldrich) reagent. The RNA preparation was resuspended in nuclease-free water and treated with DNaseI (Sigma-Aldrich) at room temperature for 30 min. Complementary DNA (cDNA) was prepared using Reverse Transcriptase Core kit (Eurogentec, Seraing, Belgium) according to the manufacturer's protocol. qPCR reaction was performed using SYBR Green Supermix kit (Bio-Rad). The cycling conditions were set as follows -an initial denaturation of 94°C for 5 min; 35 cycles of denaturation at 94°C for 30 s, primer annealing at 59°C for 30 s, and extension at 72°C for 40 s, followed by a melt curve analysis. Relative gene expression were performed using ÀDDCt method, with sigma factor A (sigA) as the housekeeping control gene.
Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation assay was performed according to the protocol by Kahramanoglou et al. [39] . Mid-log phase MTB culture (OD600~0.6) was treated with formaldehyde (1%), and incubated at 25°C for 30 min to facilitate DNA-protein cross-linking, and was terminated by addition of glycine to a final concentration of 0.5 M and incubating for 10 min at 25°C. After washing the cells with phosphate buffered saline (PBS pH 7.4) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) at 3000 9 g for 10 min at 4°C, pellets were resuspended in ChIP lysis buffer (50 mM HEPES-KOH (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% (w/v) sodium deoxycholate, 0.1% SDS, 0.1 mgÁmL À1 RNaseA, 1X protease inhibitor cocktail (Sigma-Aldrich) and 1 mM PMSF). Cells were lysed by 3 pulses, 30 s each at 42 9 100 r.p.m., with 1 min intervals on ice, using zirconium beads (0.1 mm) in a Mini Bead Beater (Biospec, Bartlesville, OK, USA). DNA was sheared using a Bioruptor sonicator (Diagenode, Seraing, Belgium) with 35 cycles of 30 s on/off pulses to generate fragments of 500 bp. DNA fragments were recovered by centrifugation at 12 000 9 g for 10 min at 4°C. One hundred microlitre of this lysate was used as the input control for ChIP.
The lysate was pre-cleared by incubating with 10 lL of Protein A-coated magnetic beads (Diagenode) on a rotary shaker for 45 min at room temperature. The supernatant was removed and incubated with either pre-immune serum or antibodies against Rv0474 and incubated on a rotary shaker overnight at 4°C. The samples were then incubated with 30 lL of pre-blocked magnetic beads for 30 min at 4°C. After incubation, samples were washed with ChIP lysis buffer, followed by four washes each with ChIP lysis buffer containing 500 mM NaCl, wash buffer (10 mM Tris (pH 8.0), 250 mM LiCl, 1 mM EDTA, 0.5% Igepal CA-630 and 0.5% sodium deoxycholate) and TE buffer (pH 7.5). Immunocomplexes were eluted from the magnetic beads in 100 lL elution buffer (10 mM Tris (pH 7.5), 10 mM EDTA and 1% SDS) at 65°C for 30 min. Both immunoprecipitated and input DNA were subjected to Proteinase K treatment (80 lg per 100 lL). DNA was extracted using phenol-chloroform (1 : 1) and precipitated using 100% ethanol and dissolved in 10 mM Tris (pH 8.0).
CD spectroscopy
All CD experiments were performed on a Jasco-815 spectropolarimeter (Japan Spectoscopic Co., Tokyo, Japan) in a 0.2 cm path-length cuvette at 25°C. Reaction mixtures (700 lL) contained 1 lM Rv0474 in 50 mM Tris buffer (pH 8.0) and increasing concentrations of copper (250, 500 nM and 1 lM). Reaction mixture containing 1 lM zinc was used as negative control. The CD spectrum of the buffer was subtracted from that of the reaction mixture using Jasco Spectra Analysis software. The CD spectra were obtained in the region of 300-200 nm in continuous mode (scanning speed, 20 nmÁmin À1 ; data pitch, 0.1 nm; band width,
nm; responseÁs À1
). The data were expressed as mean residue ellipticity (MRE) as a function of wavelength using Origin 5 software.
Protein isolation from MTB cultures and western blotting
Protein was purified from MTB grown in 7H9 medium containing different concentrations of copper using the protocol defined by Gopinath et al. [16] . Fifty micrograms of protein from all conditions was used for immunoblotting, at 60 V for 2 h, followed by probing with Rv0474 and GroES antibodies at 1 : 100 dilution.
Isothermal titration calorimetry (ITC)
ITC experiments were conducted using Microcal ITC (USA). Solutions of the protein and ligands were prepared in a buffer containing 50 mM NaH 2 PO 4 and 100 mM NaCl (pH 8.0). The solution of Rv0474 (10 lM) was placed in the calorimetric cell and titrated with the metal ions (1 mM of Zn 2+ and Cu 2+ ) from the titration syringe. Thirty injections were performed at 25°C with 10 lL injections of the protein. The stirring speed during the titration was 307 r.p.m. Data were analyzed using MicroCal Origin software Version 5. Double reference subtraction was carried out for proteinligand interaction with ligand buffer and protein buffer (Fig. S14 ). All titrations were carried out in three biological replicates.
Fluorescence spectrometry
Fluorescence measurements were carried out by monitoring the intrinsic tyrosine fluorescence in Rv0474 in a buffer containing 50 mM NaH 2 PO4, 100 mM NaCl (pH 8.0) using JASCO-FP-6300 Spectroflurometer. The excitation wavelength was chosen as 270 nm. The emission spectrum was recorded from 300 to 400 nm. Rv0474 concentration was fixed at 1 lM whereas copper at concentrations of 100, 250, 500, 750 and 1000 nM was used. Protein and copper were incubated for 15 min at room temperature and each spectrum was averaged over three individual measurements. Based on the quenching of fluorescence, the dissociation constant (K d ) was estimated.
Site-directed and deletion mutagenesis
Site-directed mutagenesis reactions were carried out using Q5Ò Site-Directed Mutagenesis Kit (New England Biolabs). All the procedure including designing of primers, PCR based mutations followed by KLD (kinase, ligase and DpnI) treatment were performed as per the manufacturer's guidelines. Mutations were confirmed by sequencing using Applied Biosystems 3500xl Genetic Analyzer using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Mutant proteins were over-expressed in E. coli BL21 (DE3) pLysS, (Novagen) and were purified according to the protocol mentioned elsewhere. For deletion mutations, the same vector system was employed. Primers used for various mutations are provided in Table S1 .
Culture and infection of THP-1-derived macrophage cells with MTB H37Rv, and protein extraction
Infection of THP-1-derived macrophages was carried out as described by Singhal et al. [40] . Briefly, cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 25 mM HEPES, 1.5 mgÁmL À1 sodium bicarbonate, by incubation at 37°C
in the presence of 5% CO 2 . Phorbol 1,2-myristate 1,3-acetate (Sigma-Aldrich) at a final concentration of 20 ngÁmL
À1
was added to the cells for differentiation into macrophages. One milliliter of MTB culture was sonicated in an ultrasound sonicator (Elma, S10H, Germany) to make a uniform suspension of cells. Bacterial suspension was added to the macrophages (multiplicity of infection 20 : 1) in fresh RPMI 1640 medium without fetal bovine serum. Internalization of the bacteria was allowed to proceed for 4 h at 37°C. Uninfected cells served as the negative control. After internalization, the macrophages were washed three times with PBS containing gentamycin (2.5 lgÁmL À1 ) to eliminate noninternalized bacteria. Fresh medium was added to the cells before incubation at 37°C for 24 h. The macrophages were lysed by incubating in 0.05% SDS/PBS (w/v) for 5 min at 37°C. Lysed cell suspension was transferred to 15 mL centrifuge tubes and centrifuged at 5000 9 g for 20 min at 4°C. To remove any contaminating macrophage proteins, and to ensure the recovery of intracellular MTB, the pellet was washed twice in PBS containing 0.1% Tween 80 (v/v) and 0.1% (w/v) SDS. The bacterial pellet was suspended in lysis buffer (50 mM Tris/HCl (pH 7.4) with 10 mM MgCl 2 , 1 mM PMSF and 1 mM EDTA) and was sonicated for 15 min intermittently. Lysates were clarified by centrifugation at 10 000 9 g for 30 min at 4°C.
Generation of MSMEG_0918 knockout strain of M. smegmatis
Allelic exchange sequence (AES) for generating knockout of MSMEG_0918 was prepared in pYUB854 vector system. Sequences of 750 bp upstream and downstream of MSMEG_0918 were PCR amplified using specific primers
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